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been grasped by current computational models. In this work we propose a neural mass model of a cortical column that comprises 4 cortical layer and bands. However, due to the effective connectivity between them, oscillations at the delta and beta bands appear and result in PAC involving these frequencies. We then focus on five combinations:
delta-gamma, theta-gamma, alpha-gamma, delta-beta, and beta-gamma, and explore how changes in or weaken the PAC phenomenon. . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/023291 doi: bioRxiv preprint first posted online Jul. 27, 2015; only one population are able to produce oscillations (Wang and Buzsaki, 1996) . To account for this Tables 1 and 2 presents the   1  8  6 parameters of the model and their interpretation. . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/023291 doi: bioRxiv preprint first posted online Jul. 27, 2015; The analytic representation y ሺ ‫ݐ‬ ሻ of a filtered signal x ሺ ‫ݐ‬ ሻ can be obtained by means of the Hilbert we will use the flow of information from the phase to the amplitude. Recently it was shown (Liang, be calculated as:
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score as: 
Results

3
Simulated data were generated by the numerical integration of the system (3). For this, the local steps were carried out with the remaining three seconds. their main spectrum peak in the alpha band, but they also present energy in the delta and theta band. Slow inhibitory populations have the highest peak in the theta band, but also have energy in delta, 2 3 6 alpha and beta bands. Fast inhibitory populations were set to present a peak in the gamma band but 2 3 7
due to the interaction with other populations, they present significant peaks in other frequencies as in Figure 4 correspond to the natural frequency of oscillation of the populations:
To test the existence of PAC, we filtered each PSP in Figure 2 into six frequency bands: delta (0. firls.m. To remove any phase distortion, the filters were applied to the original time series in the higher-frequency amplitude were computed: delta-theta, delta-alpha, delta-beta, delta-gamma, theta-
alpha, theta-beta, theta-gamma, alpha-beta, alpha-gamma, and beta-gamma. Each PAC combination
neuronal populations.
5 5
Results shown in Figure 5 include nine out of the ten PAC combinations. The theta-alpha PAC used. The strongest PAC values were found for the delta-theta, alpha-beta, and delta-beta to make the activity in L5RS and L6RS more uncertain. As seen in the figure, theta-gamma, alpha-2 6 3 beta, and alpha-gamma PAC, presented only negative information flow from phases to amplitudes.
6 4
Delta-gamma presented only positive flow and it was from L6RS to L2FS. Delta-theta, delta-alpha, 2 6 5 delta-beta, and theta-beta, presented both positive and negative information flow. Some of the parameters presented in Table 1 were taken from the neural mass literature (Jansen and
Rit , 1995; Wendling et al., 2000) , and the ones with no equivalent in the literature were assigned 2 6 9
physiologically reasonable values. Thus, it is necessary to explore how the change in the parameters
affect the PAC values. In this section, for the sake of simplicity, we focus on two PAC combinations
which involve the gamma rhythm and have been of great interest in the literature: theta-gamma, and 2 7 2 alpha gamma.
2 7 3 Figure 6 shows results for the theta-gamma PAC combination when varying external input and time parameters while maintaining the others with the same values as in Table 1 . Panels from A) to D) external input ‫‬ to the L4FS population was changed to: 0, 300, 500, and 800, respectively. Finally, the alpha-gamma PAC.
The strongest positive PAC of all the simulations explored was found in the theta-gamma to L2LTS. The strongest negative PAC was also found in Figure 6K and corresponded to the connection from L4RS to L4LTS. Thus, layers 2/3 and 4 received the strongest information flow
from the phases of all populations in the cortical column. Overall, changes in external input and time constants produced theta-gamma PAC higher than alpha-gamma PAC, whereas changes in 2 9 3 connectivity produced higher alpha-gamma PAC values. 3.2. Generation of delta-beta, delta-gamma, and beta-gamma PAC 2 9 5
As shown in the figures 3 and 4, although the populations in the cortical columns were modeled as oscillators with natural frequencies in the theta, alpha and gamma band, due to connections between 2 9 7 them, activity in the delta and beta band emerged. This produces PAC involving delta phases and 2 9 8 beta phases and amplitudes as shown in Figure 5 . In this section we focus on three PAC 2 9 9
combinations: delta-beta, delta-gamma, and beta-gamma, and explore how their strength change as 3 0 0 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/023291 doi: bioRxiv preprint first posted online Jul. 27, 2015; The strongest PAC value was positive and was found between the phase of delta in L4RS and the 3 0 6
amplitude of beta in L2LTS ( Figure 11G ). This was the strongest PAC across all the 10 PAC 3 0 7
combinations computed in this paper for the range of parameters explored. Another interesting results 3 0 8
was that for the beta-gamma combination, when varying the connectivity parameters all values were 3 0 9
found to be negative (Figure 15 ), meaning that beta oscillations tended to stabilize the gamma 
Discussion
We have proposed a neural mass model that captures the phase-amplitude coupling between layers in population are represented by the average PSP that are elicited in dendrites belonging to a population.
Phase-amplitude coupling between the neuronal populations was modeled using a measure of the
information flow between two times series, proposed recently by (Liang, 2014) . We omitted layer 1, because it does not include somas (Binzegger et al., 2004) . Based on possible external inputs to other layers. In this work, we used the information flow (or information transfer) to measure the causation
between the phase of a low frequency rhythm and the amplitude of a higher frequency rhythm, and
used it as an index of PAC. We chose this measure over transfer entropy (Schreiber, 2000) because
the latter is difficult to evaluate, requiring long time series (Hlavackova-Schindler et al., 2007) .
Moreover, recent studies have shown that it is biased as its values depends on the autodependency (Liang, 2014) is calculated using a simple analytical expression, equation (5), that depends only on 3 3 0 sample covariances, which is obtained under the assumption that the two time series are components 3 3 1 of a general two dimensional linear system. Then, our use of equation (5) to measure PAC relies on 3 3 2 the assumption that the relationship between phases and amplitudes of different frequencies is well described by a linear model. Although this seems restrictive at first glance, we should remember that Our simulations suggest that the interconnection of neuronal populations can produce PAC instance, our model of oscillators with natural frequencies in the theta, alpha and gamma bands, was 3 4 0 able to produce significant PAC involving delta and beta rhythms: delta-theta, delta-alpha, delta-beta, parameters explored in this paper, was not in the theta-gamma or alpha-gamma combination, but in 3 4 5 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/023291 doi: bioRxiv preprint first posted online Jul. 27, 2015;
the delta-beta combination when varying the connectivity parameters. This demonstrates that effective connectivity values are critical in the emergence of the PAC phenomenon. The first computational models of PAC generation were realistic models of the theta-gamma Oscillations. Hum Brain Mapp 30, 2701-2721. coupling between theta and gamma oscillations during nociception in rat electroencephalography.
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